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Abstract: The effects of additives on perennial ryegrass (Lolium perenne L., LP) silage’s metabolites,
microbial diversity and microbial metabolic pathways have been less studied in karst areas. This
experiment sought to ascertain the impact of formic acid (F) and lactic acid bacteria (LAB) preparations
introduced in karst locations on the fermentation products of LP silage, the makeup of bacterial
population and the projected functional characteristics. The experiment proceeded as follows: (1) for
the CK treatment, 5 mL kg~ fresh weight (FW) of distilled water was added; (2) for the F treatment
(88%), 5 mL kg*1 FW of formic acid was added; (3) for the L treatment, Lactobacillus plantarum
was mixed with Lactobacillus brucei at 2 x 107 cfu/g FW. For 7, 15 and 45 days, the silage samples
were kept at room temperature (20-25 °C). On day 45, the amount of lactic acid (LA) in the silage
samples was substantially higher (p < 0.05) in the F (6.56% DM) and L (6.94% DM) treatments than
in the CK treatment (4.47% DM), and the F treatment also had significantly lower pH and NH;3-N
contents than the CK and L treatments. The concentration of lactic acid (LA) was significantly higher
(p <0.05) in the F (6.56% DM) and L (6.94% DM) treatments than in the CK treatment (4.47% DM).
On day 45, the dominant genera for the F and L treatments were Lactiplantibacillus (28.78% and
20.34%), Lentilactobacillus (18.85% and 12.67%) and Secundilacillus (5.01% and 13.25%), while Hafnia-
Obesumbacterium (16.94%) had a higher abundance in the CK treatment. The F and L treatments

"o

promoted microbial metabolic pathways such as “metabolism”, “genetic information processing”

and “organismal systems”. They reduced other microbial metabolic pathways such as “membrane

s

transport”, “signal transduction” and “ABC transport”. In summary, F and L can enhance the quality

of LP silage in karst areas by improving the structure and function of microbial communities.

Keywords: perennial ryegrass; silage; additives; fermentation quality; bacterial community; predictive
functional

1. Introduction

Karst areas have large areas of exposed bedrock, fragile ecological environments,
serious soil erosion and rocky desertification [1]. Rocky desertification (mild or worse)
has occurred in approximately 31% of karst areas in southern China [2]. In addition, in
karst areas of southern China, green hay is not easy to make and preserve due to humid
air, rain and heat at the same time. Moreover, the rugged terrain of karst areas, the small
number of people and the small area of available grassland directly affect the development
of grass-fed livestock farming [3]. By creating high-quality, long-lasting silage, farmers
attempt to boost animal production and maintain ruminant performance when feed is in
limited supply [4]. The foundation of silage, according to Keshri et al.’s [5] research report,
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is that lactic acid bacteria (LAB) use soluble carbohydrates (WSC) in the raw materials
for silage as a fermentation substrate to produce lactic acid (LA), which creates an acidic
environment, inhibits microbial growth and preserves nutrients in feed for a long time. To
address the issue of an imbalanced seasonal fodder supply and a lack of winter and spring
feed for livestock development in karst areas, high-quality silage research and development
are important [6].

Perennial ryegrass is a perennial herb of the genus of ryegrass. It has the advan-
tages of high yield, strong tillering ability, fast growth rate and multiple cuttings [7-9].
Wang et al. [10] showed that undesired fermentation may result when the level of epiphytic
LAB in silage feedstocks is below 10° cfu/g. Some studies have shown that the number of
attached LAB of LP is small, which is lower than the number of attached LAB required to
produce high-quality forage (10° cfu/g). Additives are commonly employed to improve
silage performance and preserve nutrients; formic acid (F) and lactic acid (L) are two
common additives that can enhance silage fermentation qualities and extend silage storage
time in different ways. Muck et al. [11] showed that F enhances silage quality by direct
acidification and inhibition of undesirable microbial activities, while L enhances silage
quality by increasing the amount of LAB in the feed to accelerate fermentation. Homo-
typic and heterotypic fermenting lactic acid bacteria regulate the fermentation of silage
in different ways. Lactobacillus plantarum belongs to homotypic lactic acid bacteria, which
rapidly reduces environmental pH and inhibits the growth and reproduction of microor-
ganisms, such as yeasts, molds and Clostridium perfringens, in the pre-fermentation stage
of silage, thus improving the fermentation quality of silage [12]. Lactobacillus buchneri is the
dominant strain in specialized heterotypic silage additives, which improves the aerobic
stability of silage by converting lactic acid to acetic acid in the silage fermentation system
and inhibiting the activity of yeasts, such as Z. bailii and C. tropicalis, and the reproduc-
tion of microorganisms, such as Pantoea and molds [13]. The combination of Lactobacillus
plantarum and Lactobacillus buchneri can effectively promote the whole silage fermentation
process [14]. In our conclusion, we predicted that the addition of L and F might alter the
microbial composition of LP and enhance its silage qualities.

We are aware that previous studies on the addition of F to LP silage have mainly
focused on the effects of F on silage fermentation quality, in vitro rumen digestion and
protease activity [15-17]. The main subjects of studies on adding L to LP silage are the
effects of L on the bacterial colony composition and fermentation characteristics of LP
silage [18]. Silage undergoes an anaerobic fermentation process driven by microorganisms.
There are few studies on the effects of additives on microbial community structure and
metabolic pathways of LP silage in karst areas; thus, this study focuses on the effects of
additives on microbial community structure and metabolic pathways. We analyzed the
effects of various additives on the fermentation qualities, bacterial community dynamics
and functional properties of LP silage, and we provided some insights for production
of high-quality LP silage in karst areas through high-throughput sequencing and other
research methods.

2. Materials and Methods
2.1. Silage Preparation

LP was taken from Guanling County, Guiyang City, Guizhou Province, on 11 April
2021. LP was in the heading stage and the land was not fertilized. The experiment proceeded
as follows: (1) for CK, 5 mL kg’1 fresh weight (FW) of distilled water was added; (2) for F
(88%), 5 mL kg~! FW of formic acid was added; (3) for L, Lactobacillus plantarum was mixed
with Lactobacillus brucei (Lactobacillus plantarum and Lactobacillus buchneri were produced
by Xi‘an Polysource Biotechnology Co., Ltd., (Xi’an, China) and preserved in the China
General Microbiological Culture Collection Center under the accession numbers HH-LP56
(Lactobacillus plantarum), JY-16LES8 (Lactobacillus buchneri)), at 2 x 107 cfu/ g FW. Each part
was divided into 9 parts and placed in bags (each bag was approximately 300 g), and
then a vacuum packaging machine was used to vacuum seal the bags. A total of 27 packs
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(3 treatments x 3 silage periods x 3 repetitions) were kept at room temperature (20-25 °C).
The bags were opened on the 7th, 15th and 45th days of silage, with three vacuum bags
opened for each treatment.

2.2. Analysis of Silage Microbial Populations, Chemical Composition and Fermentation Quality

To determine the microbial populations in the fresh fodder, a plate count approach was
adopted [19]. The silage bags were handled after putting on sterile gloves, and then each
sample was homogeneously mixed in a clean plastic container. For one hour, ultraviolet
light was shone on the plastic containers. Ninety milliliters of sterilized brine (8.5 g/L
NaCl) was added to 10 g of samples that were obtained from each treatment. On deMan,
Rogosa—Sharpe, mauve bile, and Rose Bengal agars, LAB, coliforms, yeasts and molds were
counted.

We calculated the dry matter (DM) content by drying 100 g of each sample at 65 °C. The
amount of CP was measured using the Kjeldahl nitrogen determination method [20]. The
contents of acid detergent fiber (ADF) and neutral detergent fiber (NDF) were determined as
described by Van Soest et al. [21]. The concentration of soluble sugar (WSC) was measured
using anthone colorimetry [22].

Ninety milliliters of distilled water was mixed with 10 g of each sample, and the
mixture was kept at 4 degrees Celsius for 24 h before being filtered through four layers
of gauze. The pH value was determined using a pH meter. According to Jia et al. [23],
high-performance liquid chromatography (HPLC) was used to measure the amounts of
LA, acetic acid (AA), propionic acid (PA) and butyric acid (BA). The amount of ammonia
nitrogen (NHj3-N) was measured using the phenol-hypochlorite reaction [24].

2.3. Microbial Community Analysis

The silage samples were processed to extract microbial DNA using the Wang et al. [19]
technique. As soon as possible, Beijing Biomarker Technology Co., Ltd. (Beijing, China)
received all samples of microbial DNA for PCR amplification and bioinformatics analysis.
Using a forward primer (50-ACTCCTACGGGAGGCAGCA-30) and a reverse primer (50-
GGACTACHVGGGTWTCTAAT-30), the V3-V4 region of 16S rDNA was amplified. The
operational taxonomic units (OTUs) were grouped together using the QIIME (v1.8.0)
software with a 97% similarity rate. Utilizing the MOTHUR software(v.1.41.1), alpha
diversity was calculated and included the OTU, Shannon, Chaol, Sobs, Simpson, Ace,
coverage and Shannon indices. Community phylogenetic surveys reconstructed using
Tax4Fun (version 0.3.1) were used to forecast bacterial functions in the Kyoto Encyclopedia
of Genes and Genomes (KEGG) database, as described by Asshauer et al. [25].

2.4. Statistical Analysis

The differences between the treatments were examined using the Statistical Package for
Social Sciences (SPSS, version 26.0, SPSS Inc., Chicago, IL, USA). To analyze the fermentation
byproducts, chemical composition and microbial populations, a two-factor ANOVA was
conducted. The relative abundance of each KEGG pathway was analyzed using a one-
way ANOVA. The Duncan multiple range method was used to compare significance.
p < 0.05 was considered as indicating significant difference. All graphs were created using
GraphPad Prism (version 8, IBM, Armonk, NY, USA).

3. Results and Discussion
3.1. Chemical Composition and Microbial Populations of Fresh Perennial Ryegrass

Table 1 displays the chemical make-up and microbiological populations of the fresh
material. Fresh LP had a DM content of 30.60% of FM in the current study. The crude
protein content of fresh LP (8.22% DM) was lower than that reported in a previous study
(10.46% DM) [26]. In the current study, fresh LP had lower NDF (47.43% DM) and ADF
(24.22% DM) contents than those in previous studies [26]. This needs to be confirmed
further; however, the results might be related to the moisture level of the raw material
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during harvest, as well as the climate and soil texture of the growing area. Fresh LP met the
criteria for an ideal WSC concentration over 5% DM for raw materials with a WSC content
of 9.59% DM, which was comparable to fresh ryegrass samples [27,28]. Silage undergoes
an anaerobic fermentation process that is primarily driven by LAB, and high-quality silage
raw materials should contain more epiphytic LAB than 10° cfu/g FM. The fresh LP in this
investigation had a greater yeast concentration (10>3! cfu/g FM) and less L attachment
(10*%7 cfu/g FM). Consequently, silage additives are required to raise the standard of
LP fermentation.

Table 1. Chemical compositions and microbial counts of perennial ryegrass prior to ensiling.

Item Perennial Ryegrass

Dry matter (% FM) 30.60 + 1.21
Crude protein (% DM) 8.22 +0.79
Neutral detergent fiber (% DM) 47.43 £1.58
Acid detergent fiber (% DM) 2422 +1.37
Water-soluble carbohydrate (% DM) 9.59 + 0.96
Lactic acid bacteria (Log10 cfu/g FM) 497 £0.51
Yeasts (Log10 cfu/g FM) 3.31 £0.63
Coliform bacteria (Log10 cfu/g FM) <2.00

FM, fresh matter; DM, dry matter; cfu, colony-forming units.

3.2. Effect of Additives on Chemical Composition

Table 2 displays the LP chemical composition. Throughout the silage period, the DM
content of each treatment gradually decreased. According to Oladosu et al. [29], microbial
substrate metabolism might be responsible for this decline. In line with the findings of
this study, He et al. [30] demonstrated that a drop in DM occurred primarily during the
pre-fermentation period, with a considerable accumulation of LA in the late fermentation
period and a fall in pH, which inhibited microbial activity. During silage, the crude protein
(CP) content gradually decreased in the CK treatment, and the CP content decreased
and then increased in the L and F treatments. At 45 d of silage, the CP content in the L
and F treatments was significantly higher than that in the CK treatment (p < 0.05). This
is inconsistent with the results of previous studies [5], which may be attributed to the
reduction in CP content due to aerobic metabolism of microbial substrates during the pre-
fermentation period, the addition of L and F treatments to inhibit microbial reproductive
activity, and the formation of bacterial proteins after microbial death to increase CP content
in silage. The WSC content of each treatment gradually dropped during the ensiling period.
The F treatment had a greater WSC level than the L and CK treatments (p < 0.05), and the
WSC concentration of all treatments was significantly lower at 45 days of silage than it was
at 7 days. This might be because F prevented harmful microbes, such as clostridia, from
consuming WSC and because the F group had a lower pH (Table 3) and fewer harmful
organisms (Figure 1B), which is in line with previous findings [31].

Table 2. Effects of additives on the dynamics of chemical compositions in perennial ryegrass silage
during ensiling.

Treatment Ensiling Period (D) -Value
Items (T Day 7 Dgay 15 Day 45 SEM T g D T x D
DM CK 19.89 A 16.51 Ba 16.31 B
(%EM) 19.94 A 16.60 BP 15.73 B 0.100  0.083 <0.001  0.368
20.49 4 16.83 Ba 16.65B
cp CK 599b 5.41 4.65P
(%DM) 6.50 Aab 4818 6.164ab 0208  0.026  0.069 0.369

F 7302 5.79 7442




Fermentation 2023, 9, 675 50f 13
Table 2. Cont.
Treatment Ensiling Period (D) p-Value
Items (T) Day7  Dayl15  Day4s SPM 7 D TxD
NDF CK 57.54 A 51.358 48.15€
(%DM) L 50.00 52.52 53.06 0714 0961 0.132 0.095
F 55.07 50.84 50.60
ADF CK 4264 43522 33.60
. L 43.30 37.65 b 43.38 1.148  0.547  0.539 0.152
(%DM) b
F 39.02 34.55 41.35
CK 452 Aa 3.22Bb 1.85Cb
WSC Ab Bb Bb
o L 3.01 2.09 2.13 0.077 <0.001 <0.001 <0.001
(%DM) A A B
F 432 Aa 434 Aa 3.05Ba

A-C Means of ensiling days within a column with different superscripts differ in the same additive treatment
(p < 0.05); 2~ Means of additive treatment within a row with different superscripts differ in the same ensiling
day (p < 0.05); DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADEF, acid detergent fiber; WSC,
water-soluble carbohydrate; CK, without additives; F, formic acid; L, Lactiplantibacillus plantarum combined with
Lactiplantibacillus buchneri; SEM, standard error of the mean; T, treatments; D, ensiling days; T x D, interaction of
ensiling days and treatments.

Table 3. Effects of additives on the dynamics of fermentation quality in perennial ryegrass during ensiling.

Treatment Ensiling Period (D) -Value
ftems —(q) Day 7 Say 15  Day4s SEM g "B TxD
CK 4462 4472 4392
pH L 4482 4492 4342 0.019 <0.001 0.035 0.955
F 413b 4.06" 3.98P
LA CK 1.76 B 412 Ab 4.47 Ab
(%DM) L 2.64 B 6.25 Aa 6.94 Aa 0.179  0.002 <0.001  0.351
F 2.16 € 4.64 Bab 6.56 A2
AA CK 1.16 B2 1298 2314
(%DM) L 2.082 2.89 1.80 0178 0.071  0.070 0.141
F 0.05 Bb 2334 1.18 AB
PA CK 0.282 0.07 0.0
(%DM) L 0.15P 0.0 0.18 0.010 <0.001 <0.001 <0.001
F 0.0 0.0 0.0
BA CK 0.0 0.0 0.0
(%DM) L 0.0 0.0 0.0 0.0 0.0 0.0 0.0
F 0.0 0.0 0.0
NE, N K 2.53¢a 3.07 Ba 3.874a
(%DM) L 2.13Bb 2.68 Bb 3.324a 0.224 0390 0.104 0.979
F 2.03P 2.17b 230b

A~C Means of ensiling days within a column with different superscripts differ in the same additive treatment
(p < 0.05); 2P Means of additive treatment within a row with different superscripts differ in the same ensiling
day (p < 0.05); CK, without additives; D, day; F, formic acid; L, Lactiplantibacillus plantarum combined with
Lactiplantibacillus buchneri; T, treatments; D, ensiling days; T x D, interaction of ensiling days and treatments;
SEM, standard error of the mean; LA, lactic acid; AA, acetic acid; PA, propionic acid; BA, butyric acid; NH3-N,
ammonia nitrogen.
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Figure 1. The relative abundance of bacteria at the phylum (A) and genus (B) levels in perennial rye-
grass silage treated with different additives. CK, without additives; F, formic acid; L, Lactiplantibacillus
plantarum combined with Lactiplantibacillus buchneri; 7, 7 days of ensiling; 45, 45 days of ensiling.

3.3. Additives” Impact on Fermentation Properties

Table 3 displays the results of the fermentation of the LP silage samples. The pH of
silage is considered an important indicator of the interaction between soluble substrate
effectiveness, metabolism and undesirable microbial protein hydrolysis activity, and is
one of the most important indicators to evaluate the long-term preservation of silage.
A silage’s pH should be less than 4.2 to effectively suppress the growth of dangerous
bacteria and enhance the fermentation process [30,32]. At 15 days of silage fermentation, all
treatments’ LA contents were significantly higher (p < 0.05); the L treatment’s LA content
was significantly higher than the CK treatment’s and the F treatment’s (p < 0.05) contents,
and the L treatment’ and the F treatment’s LA contents were significantly higher than
the CK treatment at 45 days (p < 0.05). Each treatment’s pH value gradually declined
throughout the ensiling process, and the pH value of the F treatment was below 4.0, which
was substantially lower than the pH values of the other treatments (p < 0.05). This agrees
with Wang et al.’s [33] conclusion. In comparison to the L and CK treatments, the F
treatment had a greater proportion of lactic acid bacteria at 45 days of silage, which resulted
in a higher lactic acid concentration and a lower pH. Small quantities of AA (<3.00%
DM) and PA (<0.30% DM) were discovered in all treatments, but BA was not discovered.
According to previous research, the presence of PA and BA is undesirable because their
creation uses up metabolic energy [5] and because AA concentrations below 3% DM inhibit
aerobic degeneration and enhance energy recovery [34]. Throughout the ensiling process,
the NH3-N content gradually increased in each treatment, but the F and L treatments had
significantly lower NH3-N contents than the CK treatment. Thus, it is evident that the
addition of F and L can effectively reduce the pH and protein loss of LP silage.

3.4. Effect of Additives on Microbial Communities

As shown in Table 4, after seven days of silage fermentation, the number of lactic acid
bacteria in each treatment increased compared to the original sample, while the numbers
of coliforms and yeasts were lower than 10? cfu/g. The number of lactic acid bacteria in
the F treatment was significantly higher than that in the CK and L treatments, while the
number in the CK treatment was significantly lower than in the L treatment (p < 0.05). This
might be because the addition of formic acid inhibited the reproduction of undesirable
microorganisms and reduced the competition between lactic acid bacteria and undesirable
microorganisms so that lactic acid bacteria obtained more fermentation substrate, and then
proliferated. In addition, the number of lactic acid bacteria in each treatment increased
significantly at 45 days of silage (p < 0.05). This is consistent with previous research results.
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With the formation of an acidic anaerobic environment, lactic acid bacteria can continue to
multiply while most undesirable microorganisms are inhibited [35].

Table 4. Microbial populations after silage of perennial ryegrass.

Treatment Ensiling Period (D) p-Value
Items M Day7  Dayd4s SEM T D TxD
o . CK 50842  536Ba
Lact: d bact
(icoglgcclfu /agCF‘;/[“;‘ L 61640 696B° 0013 <0001  <0.001  <0.001
F 6.86Ac 7428
CK <2 <2
Yeasts (Log10 cfu/g FM) L <2 <2 - - - -
F <2 <2
Coliform bacteria CIF :3 :% B B B B
(Log10 cfu/g FM) F < <

A-B Means of ensiling days within a column with different superscripts differ in the same additive treatment
(p < 0.05); *~¢ Means of additive treatment within a row with different superscripts differ in the same ensiling
day (p < 0.05); CK, without additives; D, day; F, formic acid; L, Lactiplantibacillus plantarum combined with
Lactiplantibacillus buchneri; T, treatments; D, ensiling days; T x D, interaction of ensiling days and treatments.

Table 5 displays the alpha diversity of the silage samples. The kind and quantity of
microorganisms present during the fermentation of silage has a direct impact on fermen-
tation quality [36]. The coverage values of the perennial ryegrass silage samples ranged
from 0.997~0.999, indicating that the microbial populations in the silage samples had been
reliably identified and could adequately reflect the diversity of bacterial communities in
the samples [37]. The fact that the internal environment of the silage samples did not reach
a strictly anaerobic state at the beginning of fermentation, but rather an acidic anaerobic
environment was essentially developed after 45 days of silage, might account for the de-
crease in diversity among the treatments. The Simpson’s and Shannon’s indices were lower
in the F treatment after 45 days of silage than in the L and CK treatments. The results at
the microbial genus level suggest that this might be because the F treatment inhibited the
growth of unfavorable microorganisms [11], leading to a bacterial community that was
rather simple and consistent with the results of Du et al. [38]. This demonstrates how L
and F can change the microbial community structure and composition of LP silage.

Table 5. Effects of additives on the diversity and richness of bacterial microbiota in the mixed silage
of alfalfa and perennial ryegrass during ensiling.

Items Treatment Ensiling Period (D) SEM p-Value
(D Day 7 Day 45 T D TxD
CK 458 439
Observed species L 473 452 2.790 0.249 0.246 0.976
F 487 473
CK 489.77  472.01°
ACE L 513.07 47748 2.059 <0.001 0.735 0.004
F 509.95 554.74 2
CK 521.12 478.124
Chaol L 509.42 463.42° 2.184 0.005 0.843 0.016
F 49091  452.48°
CK 0.85° 0.76
Simpson L 0.81° 0.920 0.008 0.561 0.042 0.005
F 0.984 0.69
CK 421" 3463
Shannon L 416" 5302 0.0141 0.072 0.004 <0.001

F 6.742 2.80P
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Table 5. Cont.

Treatment Ensiling Period (D) p-Value
Ttems (T) Day7  Day4s oM T D TxD
CK 0.998 0.997
Coverage L 0.998 0.999
F 0.997 0.998

a-b Means of additive treatment within a row with different superscripts differ in the same ensiling day (p < 0.05);
CK, without additives; D, day; F, formic acid; L, Lactiplantibacillus plantarum combined with Lactiplantibacillus
buchneri; T, treatments; D, ensiling days; T x D, interaction of ensiling days and treatments.

Using high-throughput sequencing based on the 16S ribosomal DNA gene, the dynam-
ics of the bacterial community during fermentation were evaluated. The relative density
of the bacterial populations during the fermentation of LP silage is shown in Figure 1.
The two primary bacterial phyla found in the silage are Firmicutes and Proteobacteria [39].
Proteobacteria speed up the nitrogen and carbon cycles and breakdown organic materi-
als [40]. Firmicutes can produce a wide range of enzymes, including proteases, cellulases
and other extracellular enzymes, and their acid hydrolysis function is vital in a variety of
anaerobic settings [41]. In terms of phyla (Figure 1A), the phyla Firmicutes and Proteobacteria
(20.46% and 50.01%), F (32.34% and 30.85%) and L (26.80% and 35.52%) were found in the
CK treatment, accounting for more than 60.0% of the total bacterial flora. This is in line
with a study published by Wang et al. [42]. The relative abundance of Firmicutes rose to
varying degrees at 45 days during silage fermentation. The relative abundance of Firmicutes
was higher in the F treatment (83.39%) and L treatment (69.93%) than in the CK treatment
(48.19%). Both the F treatment (14.29%) and the L treatment (18.51%) showed a decline
in the relative abundance of Proteobacteria. This could be because F and L can produce
anaerobic conditions and an acidic environment more quickly, which helps Firmicutes grow
and reproduce during anaerobic fermentation [43].

According to the research by Duniere et al. [6], LAB have the ability to exploit soluble
carbohydrates in a fermentation substrate to convert glucose to lactic acid and produce
significant volumes of LA, which can be used to reduce the pH of silage and suppress
unwanted microbes such as Clostridium. After seven days of silage, at the genus level
(Figure 2B), Hafnia-Obesumbacterium was detected in the CK treatment (25.50%), and Lac-
tiplantibacterium was found in the F (30.17%) and L (22.57%) treatments as the dominant
bacteria. This might be a result of F and L inhibiting the action of harmful microbes. Ac-
cording to previous reports, adding F and L to maize and sorghum can effectively reduce
the number of undesirable microorganisms in their silage and raise the quality of silage [44].
Wang et al. [38] found the presence of Hafnia-Obesumbacterium in Enterobacterium in Italian
ryegrass silage, and the presence of Hafnia-Obesumbacterium was found to accelerate the
hydrolytic activity of proteins during silage. In all treatments, the relative abundance of
lactic acid bacteria grew significantly after 45 days of silage, with Hafnia-Obesumbacterium
in the CK treatment (16.94%) having a much greater relative abundance than in the F
(2.60%) and L (5.92%) treatments. The dominant bacterial genera of the F and L treatments
were Lactobacillus (28.78% and 20.34%) and Subbacillus (18.85% and 13.25%). F and L could
efficiently decrease the relative abundance of undesirable microorganisms such as Hafnia-
Obesumbacterium in LP silage, increase LA content and lower pH, thus improving LP silage
quality. These effects were observed when combined with a thorough analysis of LP silage
chemical composition (Table 2) and fermentation index (Table 3).
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Figure 2. * means that different treatments differ significantly in the same silage period (p < 0.05);
Bar graphs showing 165 rRNA gene-predicted functional profiles on level 1 metabolic pathways
(A), level 2 metabolic pathways (B) and level 3 metabolic pathways (C) of silage of perennial ryegrass
treated with different additives for 7 and 45 days obtained using Tax4Fun. CK, without additives;
F, formic acid; L, Lactiplantibacillus plantarum combined with Lactiplantibacillus buchneri; 7, 7 days of

ensiling; 45, 45 days of ensiling.
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3.5. The Effect of Additives on the Pathways

A method for assessing the impact of flora structure changes on silage quality is
provided by using the KEGG to investigate changes in flora structure at a higher and
whole-genome level. This study examined the effects of various additive amounts on the
silage of LP using the KEGG technology based on Tax4Fun.

Figure 2A depicts the metabolic route at the first pathway level. At seven days of silage,
the L and F treatments had significantly higher gene abundances than the CK treatment for
“organism system”, “genetic information processing” and “metabolism” (p < 0.05). In com-
parison to the CK treatment, genes involved in “environmental information processing”,
“cellular processes,” and “human diseases” were significantly less common (p < 0.05). A
stabilized inner environment might have developed at a later stage of fermentation because
there was no discernible difference in “metabolism” between the treatments at 45 days of
silage (p > 0.05). The aforementioned findings demonstrated that whereas L might improve
the fermentation quality of LP mostly by boosting the population of advantageous bacteria
such as LAB, F might do so by limiting the “membrane transport” and “signal transduction”
of unwanted bacteria.

Figure 2B depicts the second horizontal metabolic pathway. At days 7 and 45 of silage,
the relative abundance of “carbohydrate metabolism” was noticeably higher in the L and
F treatments than in CK treatment (p < 0.05). This is in line with Table 3’s greater LAB
and LA concentrations, which show that L and F improved the microbial metabolism of
WSC. Compared to the L and CK treatments, the relative abundance of genes involved in
“membrane transport” was significantly lower in the F treatment at seven days of silage
(p < 0.05), and the relative abundance of genes involved in “amino acid metabolism” was
significantly higher in the F treatment (p < 0.05). When silage was seven days old, the F
treatment had a larger relative abundance of “signal transduction” than the CK treatment,
and the L treatment had a lower relative abundance than the CK treatment. The fact that F
suppressed the metabolic activity of harmful microbes in silage might have something to do
with this. This is in line with previous studies where it was found that transit proteins were
more abundant in untreated silage, which might be related to the symbiotic connection of
bacterial communities in silage [43].

Figure 2C displays the modifications to metabolic pathways at the third pathway level.
After seven days of ensiling, the abundances of genes involved in the “biosynthesis of

v

secondary metabolites”, “microbial metabolism in diverse environments”, “biosynthesis of
amino acids”, “biosynthesis of antibiotics” and “phosphotransferase system (PTS)” were
significantly higher in the L and F treatments than in the CK treatment (p < 0.05), while
the abundances of genes involved in the “two-component system” and “quorum sensing”
were significantly lower in the CK treatment (p < 0.05). At seven days of silage, the F
treatment had a significantly lower relative abundance of “ABC transport” than the L and
CK treatments (p < 0.05). The relative abundances of genes involved in the “biosynthesis of
secondary metabolites” and “biosynthesis of antibiotics” were substantially greater in the L
and F treatments than in the CK treatment at 45 days after ensiling (p < 0.05). In comparison
to the CK treatment, the relative abundances of the “phosphotransferase system (PTS)”
and “quorum sensing” genes were significantly lower in the L and F treatments (p < 0.05).
In comparison to the L and CK treatments, the relative abundance of genes involved in
the “biosynthesis of amino acids” was significantly higher in the F treatment (p < 0.05).
These findings suggested that pathogenic bacterial movement via the membrane system is
constrained by the acidic environment created by L and F, which impacts the quality of
LP silage.

4. Conclusions

In this study, it was discovered that F and L could enhance the structure of micro-
bial community and the metabolic pathway, leading to an improvement in perennial
ryegrass silage quality in a karst region. F and L can promote the growth of good bacteria
(Lactiplantibacillus, Lentilactobacillus and Secundilacillus), which increase the LA content of
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perennial ryegrass silage and lower the pH and ammonia nitrogen content while inhibit-
ing the growth of harmful bacteria (Hafnia-Obesumbacterium). According to the results
of the functional prediction, F and L encourage metabolic pathways in microorganisms,

7

such as “metabolism”, “genetic information processing” and “organismal systems”, while
inhibiting transduction pathways such as “membrane transport”, “signal transduction”
and “ABC transports”. This demonstrates that the L treatment increased the fermentation
quality of perennial ryegrass by accelerating the growth rate and metabolic level of helpful
bacteria such as LAB strains. The F treatment largely reduced the “membrane transport”

and “signaling transduction” of unwanted bacteria.
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